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Abstract
Strong correlations between leptogenesis and low energy CP violating leptonic processes have been shown
by us to exist in the minimal left-right symmetric model with spontaneous CP violation. In this note, we
investigate the implications of this model for the electric dipole moment of the electron. With an additional
broken U(1)H symmetry, the seesaw scale can be lowered to close to the electroweak scale. This additional
symmetry also makes the connection between CP violation in quark sector to that in the lepton sector
possible.
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I. INTRODUCTION
In recent years, many attempts have been made [1, 2, 3] to find the connections between lepto-
genesis [4] and low energy CP violating processes. In Ref. [1], we found that a strong correlation
among CP violation in leptogenesis, neutrinoless double beta decay and neutrino oscillation exists
in minimal left-right symmetric model [5] assuming CP violation occurs spontaneously. In the
Standard Model (SM) with massless neutrinos, lepton EDM can arise only at the four loop order
and thus the prediction is highly suppressed. (For review, see, for example, Ref. [6].) For the elec-
tron, the SM prediction is de ∼ 10−38 e-cm, which is ten orders of magnitude smaller compared to
the current bound de < 1.6× 10−27 e-cm at 90% confidence level [7]. By having massive neutrinos
in the SM, a slightly enhanced value of de ∼ 10−33 e-cm can be induced at the two loop order with
fine-tuned model parameters. Due to the existence of the SU(2)R gauge boson, WR, non-vanishing
lepton EDM can appear in the LR model even at the one-loop order. The predicted values for de
can therefore be accessible experimentally in the LR model, provided that the SU(2)R breaking
scale is only a few orders of magnitude above the EW scale. Such a scale can be obtained by intro-
ducing a broken U(1)H symmetry [8]. In the minimal version of the LR model with spontaneous
CP violation, the size of the electron EDM is related to other CP violating observable as there
are only two intrinsic CP violating phases. In this paper, we consider a model based on left-right
symmetry, in which CP violation occurs spontaneously, in addition to having a low seesaw scale.
We investigate the implications of this model for neutrino oscillation, leptogenesis and the electric
dipole moment (EDM) of the electron and demonstrate the strong correlation among CP violation
in these processes. This paper is organized as follows. In Sec. II, we describe our model and show
how spontaneous CP violation can occur and how seesaw scale can be lowered. This is followed
by Sec. III in which the calculation of the electron EDM in this model is given. Our results are
presented in Sec. IV. Sec. V concludes this note.
II. THE MODEL
The minimal left-right symmetric model is based on the gauge group SU(2)L × SU(2)R ×
U(1)B−L × P , where the parity P acts on the two SU(2) groups. The Higgs sector contains one
bi-doublet, Φ, one SU(2)L triplet, ∆L, and one SU(2)R triplet, ∆R. In general, there are four
CP violating phases associated with the VEV’s in the neutral components of these Higgs fields.
Nevertheless, using the global degrees of freedom, these four CP violating phases can be rotated
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away, reducing the number to two, ακ′ and αL, as chosen in the VEV of the three fields,
Φ =

 κ 0
0 κ′eiακ′

 , ∆L =

 0 0
vLe
iαL 0

 , ∆R =

 0 0
vR 0

 , (1)
where v2 = |κ|2 + |κ′|2 ≃ 2M2W /g2 ≃ (174 GeV)2 with MW being the mass of the W gauge boson
and g being the SU(2)L gauge coupling constant. To satisfy the constraints on flavor changing
neutral currents, the ratio of the bi-doublet VEV’s, r ≡ κ′/κ, has to be r <∼ mb/mt.
The SU(2)R breaking scale can be significantly lowered if an additional broken U(1)H symmetry
is imposed in the lepton sector [8]. The U(1)H symmetry is broken by the VEV of a scalar field
S, which has U(1)H charge Q(S) = +1 and is a singlet under the LR symmetry group. Due
to the U(1)H symmetry, many of the interactions can now appear only as higher dimensional
non-renormalizable operators that couple to the scalar field S. After integrating out the field
S, these interactions are suppressed by some powers of a small parameter ω ≡ 〈S〉 /MS , where
MS is the mass of the field S. We indicate the U(1)H charge of the field f as Q(f), where
f = (∆L, ∆R, Φ, ℓL, ℓR, qL, qR) with ℓL (qL) and ℓR (qR) being left-handed and right-handed
lepton (quark) doublets, respectively. To illustrate the dependence on the mixing angle, we further
assume in this paper that the U(1)H charges are the same among all three generations of fermions.
Thus this U(1)H symmetry is crucial only for lowering the seesaw scale, but irrelevant for the
observed flavor mixing (For a review on how the observed mixing angles can be accounted for
with a horizontal symmetry, see e.g. Ref. [9].) The scalar potential of the model as well as the
minimization conditions are given in the Appendix. Due to the presence of the broken U(1)H
symmetry, the following parameters in the scalar potential are suppressed,
(µ22, λ4, α2) → ω2|Q(Φ)|(µ22, λ4, α2) , (2)
λ2 → ω4|Q(Φ)|λ2 , (3)
β1 → ω|Q(∆R)−Q(∆L)|β1 , (4)
β2 → ω|Q(∆R)−Q(∆L)−2Q(Φ)|β2 , (5)
β3 → ω|Q(∆R)−Q(∆L)+2Q(Φ)|β3 , (6)
ρ4 → ω2|Q(∆L)−Q(∆R)|ρ4 . (7)
The rest of the parameters in the scalar potential are not suppressed, since the interactions due to
these couplings are allowed by the U(1)H symmetry. The seesaw relation between the two triplet
VEV’s, vL and vR, is then given by,
vL ≃ β κ
2
vR
, (8)
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where the parameter β is,
β ∼ β′ ·Max{ω|Q(∆R)−Q(∆L)−2Q(Φ)|, rω|Q(∆R)−Q(∆L)|, r2ω|Q(∆R)−Q(∆L)+2Q(Φ)|} , (9)
followed directly from Eq. A5. The parameter β′ in the equation above is a function of O(1)
parameters (β1,2,3, ρ1,3) in the scalar potential.
From Eq. A7, it can be seen immediately that the phase ακ′ scales as sinακ′ ∼ (β/α3)(vL/vR).
Because the LR breaking scale vR is much lowered, it may appear at the first glance that the
presence of this additional U(1)H symmetry could alleviate the fine-tuning that is needed in order
to generate a sizable value for ακ′ as pointed out previously [10] . This turns out not to be the
case as the proportionality constant between ακ′ and vL/vR is also suppressed. We emphasize,
however, that there is no such fine-tuning needed in order to generate a large phase αL in the
lepton sector, regardless of the scale of vR [11]. The fine-tuning can be alleviated by having extra
dimensions in which the seesaw scale vR is lowered to the electroweak scale due to the warped
geometry [12], or by having an additional singlet scalar field [13]. We leave these possibilities for
further investigation in a later paper.
The Yukawa interactions in the lepton sector are described by,
L
ℓ
Y uk = Li,L(PijΦ+RijΦ˜)Lj,R + ifij(L
T
i,LCτ2∆LLj,L + L
T
i,RCτ2∆RLj,R) + h.c. (10)
Due to the U(1)H symmetry, various mass matrices in the lepton sector are also suppressed by
powers of ω. The charged lepton mass matrix now reads,
Me = Pijκ
′eiακ′ω|Q(LL)−Q(LR)−Q(Φ)| +Rijκω
|Q(LL)−Q(LR)+Q(Φ)| (11)
and the neutrino Dirac mass matrix becomes,
MνD = Pijκω
|Q(LL)−Q(LR)−Q(Φ)| +Rijκ
′e−iακ′ω|Q(LL)−Q(LR)+Q(Φ)| . (12)
Due to the presence of the left-right parity, a Majorana mass term for the LH neutrinos must be
present. The two Majorana mass terms are proportional to one another and are given by,
MRRν = fijvRω
|Q(∆R)+2Q(LR)| , MLLν = fijvLe
iαLω|Q(∆L)+2Q(LL)| . (13)
Similarly, the Yukawa interactions in the quark sector,
L
q
Y uk = Qi,L(FijΦ+GijΦ˜)Qj,R , (14)
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lead to the following quark mass matrices,
Mu = Fijκω
|Q(qL)−Q(qR)−Q(Φ)| +Gijκ
′eiακ′ω|Q(qL)−Q(qR)+Q(Φ)| (15)
Md = Fijκ
′eiακ′ω|Q(qL)−Q(qR)−Q(Φ)| +Gijκω
|Q(qL)−Q(qR)+Q(Φ)| . (16)
Depending on the choices for the quark charges, Q(qL) and Q(qR), the quark masses can be
suppresses by powers of ω, as in the lepton sector. This can then be utilized to explain the
hierarchy between mb and mt. The CKM matrix can then be obtained by diagonalizing both mass
matrices for the up-type quarks and the down-type quarks, and all CP violating processes in the
quark sector can then be explained by a single phase, ακ′ . It has been pointed out, however, that
CP violation caused by ακ′ alone, is not sufficient to explain to observed asymmetry in the decay
of B → ψKs [14]. In our discussion below, only the Yukawa interactions in the lepton sector
are relevant. The consequences of having non-trivial quark charges as well as how sufficient CP
violation in B decay can be obtained will be investigated in a subsequent paper.
III. ELECTRIC DIPOLE MOMENT OF THE ELECTRON
The EDM of the leptons in left-right symmetric model was first calculated in Ref. [15]. Here
we briefly summarize the result. In the minimal LR model, the charged current interaction in the
lepton sector can be mediated by both WL and WR gauge bosons, and it is given by,
Lcc = − g√
2
∑
i
(
LiLγ
µνiLW
−
L,µ + LiRγ
µNiRW
−
R,µ
)
+ h.c. . (17)
Upon electroweak symmetry breaking, the mass matrix of the W gauge bosons is,
(
W+L W
+
R
) g22 (2v2L + κ2 + κ′2) −g2κκ′eiακ′
−g2κκ′e−iακ′ g22 (2v2R + κ2 + κ′2)



W−L
W−R

 . (18)
The mass eigenstates W1,2 are related to the flavor eigenstates WL,R by,
(
W+L W
+
R
)
= U

W+1
W+2

 , (19)
where the unitary matrix U that diagonalize the W boson mass matrix is given by,
U =

 cos ξ − sin ξ eiακ′
sin ξ e−iακ′ cos ξ

 , (20)
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and the two mass eigenvalues obey M1 ≃MW < M2. The left-right mixing angle, ξ, is suppressed
by the left-right breaking scale vR. It is give by,
tan 2ξ =
2κκ′
v2R − v2L
. (21)
The seesaw matrix for the neutrinos now reads,
(
νc N
)
R

MLLν MνD
MTνD M
RR
ν



 ν
N c


L
+ h.c. . (22)
where the Dirac mass term,MνD , and the Majorana mass terms, M
LL
ν andM
RR
ν , are give in Eq. 12
and Eq. 13 respectively. This seesaw mass matrix can be diagonalized by a 6 × 6 unitary matrix
V ,
V =

 VL
V ∗R

 . (23)
The flavor eigenstates, ν and N c, and the mass eigenstates, ψ, of the neutrinos are related by,
 ν
N c

 = V ψL , (24)
(
νcN
)
R
= ψRV
T . (25)
and thus the flavor eigenstates can be written in terms of the mass eigenstates and elements of the
diagonalization matrix as,
νLi =
6∑
j=1
(VL)ijψLj , (26)
N cLi =
6∑
j=1
(V ∗R)ijψLj . (27)
With these definitions, the charged current interaction in the lepton sector can then be written in
the mass eigenstates of the neutrinos and the gauge bosons as,
Lcc = − g√
2
n∑
i=1
6∑
j=1
∑
a=1,2
W µa
[
ULaVLijLiLγµψjL + URaVRijLiRγµψjR
]
+ h.c. . (28)
Non-vanishing EDM of the electron in the minimal LR model arises at one-loop from diagrams
mediated by the W bosons and the neutrinos, as shown in Fig. 1. The total contribution is given
by [15],
6
la ψa la
Wi Wi
γ
la νa Na la
WL WR
γ
(a) (b)
FIG. 1: One-loop diagram in minimal LR model that contribute to the electron EDM: (a) Diagram shown
with particle in their mass eigenstates; (b) Diagram shown with particles in the weak charged current
interaction eigenstates.
de =
eM2WGF
4
√
2π2
∑
a=1,2
(
ULaURa
M2a
) 6∑
j=1
mjℑ(VL1jV ∗R1j )I1
(
m2j
M2a
,
m2e
M2a
)
. (29)
Here, Ma (for a = 1, 2) are masses of the two W boson masses, and mj are the neutrino masses.
The loop integral I1(x, y) is given by,
I1(x, y) =
1
2
+ 3F0(x, y) − 6F1(x, y) + (3− y)F2(x, y) + yF3(x, y) (30)
≃ 2
(1− x)2
[
1− 11
4
x+
1
4
x2 − 3x
2 lnx
2(1 − x)
]
,
where the function Fn(x, y) (for n = 1, 2, 3) is defined as,
Fn(x, y) =
∫ 1
0
dt
tn
1− t− yt(1− t) + xt . (31)
In the limit y → 0, this function can be approximated as,
I1(xij , 0) ≃
{
1 + 6 lnxi1
xi1
, for mi ≪M1
4− 3xi1 , for mi ≫M1
, (32)
where xij ≡ m2i /M2j . As M1 = MW ≪ M2, the term with a = 1 in the summation dom-
inates. Summing over all the j gives the (ee) element of the neutrino Dirac mass matrix,∑6
j=1mj(VL)1j(V
∗
R)1j = (MνD)ee. The electron EDM is then given by,
de ≃ − eα
4πM2W
κκ′
v2R − v2L
Im(e−iακ′MD)ee (33)
≃ 10−19 × r
(
GeV
vR
)2( |(MνD)ee|
MeV
)
sin(2ακ′) e-cm .
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In order to have a prediction for the electron EDM accessible to the next generation of experi-
ments, de <∼ 10−32 e-cm [16], the SU(2)R breaking scale vR thus cannot be much higher than the
weak scale. For the (ee) element of the neutrino Dirac mass term |(MνD)ee| of the order of the
electron mass ∼ 1 MeV, the required scale for vR has to be around ∼ O(105−6 GeV). Such a low
SU(2)R breaking scale can be obtained with the following U(1)H charge assignments:
Q(Φ) = −Q(Φ˜) = 2 , Q(∆L) = −Q(∆R) = 4 , Q(LL) = −Q(LR) = −2 , (34)
and r = ω2 with ω = 0.1. These charge assignments lead to the following dominant contributions
to the mass matrices,
vLvR ≃ β′κ2ω8 , (35)
Me ≃ Rijκω2 + O(ω6) , (36)
MνD ≃ Rijκe−iακ′ω4 + O(ω6) , (37)
MLLν = fijvLe
iαL , MRRν = fijvR . (38)
The VEV vL which is compatible with the experimental observed mass squared differences in
neutrino oscillation is of the order of ∼ (0.01− 0.1) eV. This scale can be generated with vR ∼ 106
GeV. The effective neutrino mass matrix is then given by,
M effν = M
LL
ν −MνD(MRRν )−1MTνD (39)
= vL
[
fije
iαL − sRijf−1ij RTije−2iακ′
]
.
where s is the proportionality constant 1/β′ [1]. Under these charge assignments, the terms pro-
portional to Rij in the charged lepton mass matrix and the neutrino Dirac mass matrix dominates.
Thus the Yukawa coupling for the neutrino Dirac mass matrix is determined once the charged
lepton mass matrix is known. This also allows the connection between CP violation in the quark
sector, which is dictated solely by the phase ακ′ , and CP violation in the lepton sector. The leptonic
mixing matrix is obtained by diagonalizing the effective neutrino mass matrix, M effν . As both ακ′
and αL now appear in M
eff
ν , the leptonic CP phases, δ, α12 and α13, as defined in Ref. [1], are
thus functions of both of these two phases.
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IV. RESULTS
We assume that all the leptonic mixing results from the neutrino sector, and thus,
Rij =


me/mτ 0 0
0 mµ/mτ 0
0 0 1

 , (40)
where the charged lepton masses roughly obeys me : mµ : mτ = (ǫc)
4 : (ǫc)
2 : 1, with the small
parameter ǫc being roughly the size of the Cabbibo angle, ǫc = 0.22. The mass mτ of order of 1
GeV can thus be naturally generated with R33 = 1 due to the suppression factor ω
2 in Eq. 36.
The mixing pattern strongly depends on the flavor structure in the Yukawa matrix, fij for the
Majorana mass terms. It is taken to be,
fij =


t2 t −t
t 1 1
−t 1 1

 , (41)
which only depends on one parameter, t, with t < 1 for the normal mass hierarchy among the light
neutrinos in the low energy spectrum and gives rise to bi-large mixing pattern [1]. The leptonic
Jarlskog invariant in this case depends on the combination of CP phases, (αL + ακ′),
JCP = −(1− t
2) sin(αL + ακ′)
∆m221∆m
2
31∆m
2
32
[
2st2
(
me
mτ
)
− s2
(
me
mτ
)2
cos(αL + ακ′) +
1
8
s3
t2
(
me
mτ
)3]
, (42)
where ∆m2ij ≡ m2i −m2j (for i, j = 1, 2, 3) are the square mass differences among the three light
neutrinos.
The lepton number asymmetry in this model can arise either through the decay of the lightest
RH neutrino, or through the decay of the SU(2)L triplet Higgs, ∆L [17]. Assuming the SU(2)L
triplet Higgs is heavier than the lightest RH neutrino, the decay of the lightest RH neutrino
dominates. With the particle spectrum of this model, there are three one-loop diagrams, as shown
in Fig. 2, that contribute to the total lepton number asymmetry, ǫ. The total asymmetry is given
by,
ǫ = ǫN1 + ǫ∆L , (43)
where ǫN1 is the contributions from diagrams that involve the Higgs doublet and charged lepton
(Fig. 2a, 2b), while ǫ∆L is the contribution of the diagram that involving the SU(2)L triplet Higgs
9
Nk
ll
H
Nj
H∗
li
Nk
ll
H
Nj
H∗
li
Nk
ll
H
∆L
H∗
li
(a) (b) (c)
FIG. 2: Diagrams in the minimal left-right model that contribute to the lepton number asymmetry through
the decay of the RH neutrinos.
(Fig. 2c),
ǫN1 =
3
16π
(
MR1
κ2
)
· Im[MD(M
I
ν )
∗
M
T
D]11
(MDM
†
D)11
, (44)
ǫ∆L =
3
16π
(
MR1
κ2
)
· Im[MD(M
II
ν )
∗
M
T
D]11
(MDM
†
D)11
. (45)
where κ ≃ v = 174 eV is the VEV of the Y = +1 component of the Φ field. Here MD is the
neutrino Dirac mass matrix in the basis in which RH neutrino mass matrix is real and diagonal.
The matrices M Iν ≡MνD(MRRν )−1MTνD and M IIν ≡MLLν are the usual Type-I seesaw term and the
LHMajorana mass term due to the SU(2)L triplet VEV, respectively. As pointed out in Ref. [1], the
only non-vanishing contribution is the one that involves the SU(2)L triplet in the loop, ǫ
∆L . This
statement is still valid in the present case with complex neutrino Dirac mass matrix MνD ∝ e−iακ′ ,
because the argument of (M Iν )
∗ ∝ e2iακ′ cancels the argument of MDMTD ∝ e−2iακ′ , given that the
RH Majorana mass matrix MRRν is real. This is therefore a generic feature of the minimal LR
model with SCPV. In Ref. [1], the contribution to the total asymmetry ǫ = ǫ∆L is proportional to
∼ sinαL. In the present case, the total asymmetry is proportional to sin(αL + 2ακ′) as the Dirac
mass matrix MνD is now complex and proportional to e
iακ′ . The total lepton number asymmetry
ǫ is proportional to ∆ǫ′ defined as [1],
∆ǫ′ =
3f01
16π
Im
[
MD(fe
iαL)∗MTD
]
11
(MDM
†
D)11
=
ǫ∆L
β
∝ sin(αL + 2ακ′) , (46)
where f01 is the smallest eigenvalue of the matrix f . It is interesting to note that if αL = −2ακ′ , the
lepton number asymmetry vanishes, but JCP is non-zero. However, such a relation is generally not
protected by any symmetry and will not hold when radiative corrections are taken into account.
The total lepton asymmetry ǫ = ǫ∆L is related to the observed baryon asymmetry of the universe,
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given in terms of the ratio of the baryon number nb to entropy s, as,
nb
s
≃ − 24 + 4nH
66 + 13nH
ǫ η Y
eq
N1
(T ≫M1) , (47)
where Y
eq
N1
(T ≫ M1) = 135ζ(3)/(4π4g∗) with g∗ being the number of spin-degrees of freedom
in thermal equilibrium. The coefficient (24 + 4nH)/(66 + 13nH), where nH is the number of
Higgs doublets, is the fraction of the B − L asymmetry that is converted into the baryon number
asymmetry. For g∗ = 106.75 as in the SM case and nH = 2, the final asymmetry is given by,
nb/s ≃ −1.38 × 10−3 ǫ η. The efficiency factor η measures the the number density of the right-
handed neutrinos with respect to the equilibrium value, the out-of-equilibrium condition at the
decay as well as the thermal corrections to the asymmetry. It is obtained by solving the Boltzmann
equations, and depends on the effective mass,
m˜ ≡ (MDM
†
D)11
M1
, (48)
as well as the mass of the lightest right-handed neutrino,M1. The BBN and WMAP measurements
imply that nb/s = (0.87 ± 0.04) × 10−10, assuming standard ΛCDM cosmological model [18].
We search the allowed parameter space for (t, s, ακ′ , αL) that satisfy the 1σ limits for the
oscillation parameters [19]: ∆m223 = (2.4 ± 0.3) × 10−3 eV2, ∆m212 = (7.9 ± 0.4) × 10−5 eV2,
sin2 2θ23 > 0.9, and 0.4 < tan
2 θ12 < 0.509. Using the allowed parameter space, the predictions for
various CP violating processes can then be made. In Fig. 3, the correlation between the electron
EDM and the amount of lepton number asymmetry ∆ǫ′ is shown. For αL = 0, all CP violation in
both the quark and lepton sectors depends on only one phase, ακ′ . One thus find a very strong
correlation between de and ǫ as these two physical observables are proportional to each other. In
Fig. 4 the JCP dependence on the lepton number asymmetry, ǫ, and in the electron EDM, de, is
shown. For αL = 0, one finds a reflection symmetry between the first and the forth quadrants as ǫ,
JCP and de are proportional to sinακ′ in this case. In Fig. 5, the correlation between the leptonic
Jarlskog JCP and the matrix element for neutrinoless double beta decay 〈m0νββ〉ee is shown. It is
found that the correlation is independent of whether αL vanishes or not. This exhibits the fact that
the neutrinoless double beta decay depends on the the Majorana phases while JCP depends on the
Dirac phase and that all three low energy leptonic CP phases δ, α12 and α13 ranging from 0 to 2π
can be generated irrespective of whether ακ′ vanishes or not. In Fig. 6, the correlation between
the lepton number asymmetry and the |Ue3| element in the leptonic mixing matrix is given. The
prediction for |Ue3| ranges from 0.01 to the current upper bound, 0.16, even though most of the
allowed parameter space for (t, s, ακ′ , αL) gives rise to predictions that range between 0.01 and
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0.03. Fig. 7 shows the lepton number asymmetry ǫ as a function of the CP phase ακ′ . The total
lepton asymmetry in our model is ǫ∆L = β∆ǫ′ ∼ O(10−9), taking into account the suppression
factor β ∼ ω8. For the decay of the lightest right-handed neutrino to be out-of-equilibrium, the
effective mass for leptogenesis is required to be, m˜ <∼ O(0.01) eV. As the allowed parameter space
gives rise to an effective mass m˜ in the range (0.0007 ∼ 0.018) eV, the washout effects are negligible
in this model. Furthermore, the efficiency factor η given in Eq. 47 only depends on the effective
mass, m˜, as M1 in our model is much smaller than 10
14 GeV [21]. For m˜ ∼ (10−4 − 10−3) eV,
η can be as large as O(101 − 102), provided that the right-handed neutrinos abound dominantly
at early times [21]. This thus allows sufficient baryon number asymmetry to be generated in our
model even with MR of ∼ 106 GeV.
V. CONCLUSION
It is in general not possible to relate leptogenesis to low energy leptonic CP violation processes
due to the present of additional mixing angles and CP phases in the heavy neutrino sector. We
found that, in minimal left-right symmetry model with spontaneous CP violation, such connection
can be established, as there are only two physical phases in this model. With the additional U(1)H
horizontal symmetry, the left-right breaking scale vR can be lowered to 10
3 TeV, thus allowing
observable EDM of the electron. Due to this U(1)H symmetry, the phase ακ′ that governs all CP
violation in the quark sector can now be relevant for the lepton sector, thus giving rise to relations
between CP violating processes in the two sectors. There, however, exist two serious issues in
the minimal left-right model with spontaneous CP violation. One is the fine-tuning required to
generate sizable ακ′ . We find that, this fine-tuning problem cannot be solved by lowering the
left-right breaking scale vR with an additional U(1)H symmetry. And one may need to call for
extra dimensions or by introducing additional scalar fields for spontaneous CP violation to work
in the quark sector. It should be noted, however, that there is no such constraint in the lepton
sector. Secondly, it has been pointed out previously that ακ′ alone cannot give rise to sufficient
CP violation to account for the observed asymmetry in B → ψKs decay. It would be interesting
to see if this could be resolved in the supersymmetric case. These issues are under investigation.
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APPENDIX A: SCALAR POTENTIAL
The complete scalar potential of this model is given by [10, 20]
V = VΦ + V∆ + VΦ∆ , (A1)
where
VΦ = −µ2Tr(Φ†Φ)− µ22
[
Tr(Φ˜Φ†) + Tr(Φ˜†Φ)
]
(A2)
+λ1
[
Tr(ΦΦ†)
]2
+ λ2
[[
Tr(Φ˜Φ†)
]2
+Tr(Φ˜†Φ)
]2]
+λ3
[
Tr(Φ˜Φ†)Tr(Φ˜†Φ)
]
+ λ4
[
Tr(ΦΦ†)
[
Tr(Φ˜Φ†) + Tr(Φ˜†Φ)
]]
,
V∆ = −µ23
[
Tr(∆L∆
†
L) + ∆R∆
†
R)
]
+ ρ1
[[
Tr(∆L∆
†
L)
]2
+
[
Tr(∆R∆
†
R)
]2]
(A3)
+ρ2
[
Tr(∆L∆L)Tr(∆
†
L∆
†
L) + Tr(∆R∆R)Tr(∆
†
R∆
†
R)
]
+ρ3
[
Tr(∆L∆
†
L)Tr(∆R∆
†
R)
]
+ ρ4
[
Tr(∆L∆L)Tr(∆
†
R∆
†
R) + Tr(∆
†
L∆
†
L)Tr(∆R∆R)
]
,
VΦ∆ = α1
[
Tr(ΦΦ†)
[
Tr(∆L∆
†
L) + Tr(∆R∆
†
R)
]]
(A4)
+α2
[
Tr(ΦΦ˜†)Tr(∆R∆
†
R) + Tr(Φ
†Φ˜)Tr(∆L∆
†
L)
]]
+α∗2
[
Tr(Φ†Φ˜)Tr(∆R∆
†
R) + Tr(Φ˜
†Φ)Tr(∆L∆
†
L)
]]
+α3
[
Tr(ΦΦ†∆L∆
†
L) + Tr(Φ
†Φ∆R∆
†
R)
]
+ β1
[
Tr(Φ∆RΦ
†∆†L) + Tr(Φ
†∆LΦ∆
†
R)
]
+β2
[
Tr(Φ˜∆RΦ
†∆†L) + Tr(Φ˜
†∆LΦ∆
†
R)
]
+ β3
[
Tr(Φ∆RΦ˜
†∆†L) + Tr(Φ
†∆LΦ˜∆
†
R)
]
.
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Minimization of this scalar potential leads to the following relations,
(2ρ1 − ρ3)vRvL = β1κκ′ cos(αL − ακ′) + β2κ2 cosαL + β3κ′ 2 cos(αL − 2ακ′) , (A5)
0 = β1κκ
′ sin(αL − ακ′) + β2κ2 sinαL + β3κ′ 2 sin(αL − 2ακ′) , (A6)
0 = vRvL
[
2κκ′(β2 + β3) sin(αL − ακ′) + β1
[
κ2 sinαL + κ
′ 2 sin(αL − 2ακ′)
]]
+κκ′ sinακ′
[
α3(v
2
L + v
2
R) + (4λ3 − 8λ2)(κ2 − κ′ 2)
]
. (A7)
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FIG. 3: The electron EDM de versus lepton number asymmetry ∆ǫ
′. The red dots (darker shade) correspond
to αL = 0.
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FIG. 4: (a) The dependence on the leptonic Jarlskog invariant JCP in lepton number asymmetry ∆ǫ
′. (b)
The dependence on the leptonic Jarlskog invariant JCP in the elecrton EDM de. The red dots (darker shade)
correspond to αL = 0.
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FIG. 5: Correlation between the leptonic Jarlskog JCP and matrix element of neutrinoless double beta decay
〈mee〉0νββ. The red dots (darker shade) correspond to αL = 0.
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FIG. 6: Correlation between the lepton number asymmetry ∆ǫ′ and the element |Ue3| in the leptonic mixing
matrix. The red dots (darker shade) correspond to αL = 0.
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FIG. 7: The lepton number asymmetry as a function of the phase ακ′ with αL = 0.
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